Abstract: There is public concern that large-scale disturbances to forest cover caused by insects and storm winds in the Bohemian Forest could intensify high water flows and enhance the expected flooding risks predicted in current regional climate change scenarios. We analysed stream discharge in Upper Vydra and Große Ohe, neighbouring catchments in the Bohemian Forest, the largest contiguous forested area in Central Europe. Upper Vydra, in the Šumava National Park, and Große Ohe (including the Upper Große Ohe headwater catchment in the Bavarian Forest National Park) are similar in size, but differ in land use cover and the extent of disturbed Norway spruce stands. Publicly available runoff and meteorological data were examined using non-parametric trend and breakpoint analysis. Together with mapped vegetation cover changes, the results were used to address the following questions: 1) are there significant changes in the hydrological cycle and, if so, do these changes relate to 2) the extent and expansion of disturbance in forests stands and/or 3) altered precipitation dynamics and thermal conditions?
INTRODUCTION
There is only a moderate degree of certainty that precipitation has increased in the mid-latitudes of the northern hemisphere through human influence (IPCC 2013) . The observed increase is attributed to rising air temperature, which intensifies hydrological cycling, leading, in turn, to altered atmospheric circulation and a poleward shift in storm tracks (Marvel and Bonfils, 2013) . However, in contrast to model results, satellite data show that, in recent decades , precipitation has decreased in all seasons in moist regions in the midlatitudes of the northern hemisphere (Polson et al., 2013) . Changes in the hydrological cycle at the earth's surface are also directly related to warming, which, depending on the season in which warming has occurred, alters the solid-liquid partitioning of precipitation, snow cover dynamics and evapotranspiration rate (Hidalgo et al., 2009) .
In forested landscapes, the indirect effects of climate change are of particular importance. Increased temperatures can reduce tree vitality even when no decrease in precipitation occurs (Adams et al., 2009 ) and, at the same time, accelerate the growth and size of insect populations (Raffa et al., 2008; Seidl et al., 2011) , and thereby cause tree die-off over large areas . After tree die-off, evapotranspiration from overstorey vegetation declines, while energy and water flow to the understory and on the soil surface increases (Adams et al., 2012) . Consequently, water fluxes into and through the soil are altered, resulting in changes in the generation of discharge (i.e. contributions of groundwater and subsurface flows to runoff) and in the runoff yield itself when catchment area affected is large (Beudert et al., 2007) .
In the Bohemian massif, which is covered predominantly by Norway spruce forests (Picea abies (L.) Karst.), air temperature has increased over the last century (Bässler, 2008; Kliment and Matoušková, 2008) , resulting in a significant shift in insect habitats, in particular, towards higher elevations (Bässler et al., 2010) . On the European scale (Seidl et al., 2011) , the outbreak of the host-specific spruce bark beetle (Ips typographus L.), which has affected mature Norway spruce forests over large areas of the Bavarian Forest and Šumava National Park (Hais et al., 2009) , was probably the most drastic outcome of accelerated warming and frequent storms in the early 1990s.
Only few studies exist which focus on regional changes in runoff and discharge dynamics induced by Ips typographus. Both Beudert et al. (2007) and Klöcking et al. (2005) found increased runoff coefficients and greater subsurface flows in two headwaters of the Upper Große Ohe catchment in the Bavarian Forest National Park. However, their data covered the first five to seven years after the first massive bark beetle outbreak only. In Šumava National Park, Kliment and Matoušková (2008) found only small changes in runoff in two comparable streams between 1962 and 2002, while Buchtele et al. (2006) found evidence of runoff changes caused by changes in vegetation cover caused, in turn, by bark beetle and storms.
In this study, publicly available meteorological and runoff data for two similar-sized neighbouring catchments (Upper Vydra, Große Ohe) and one nested headwater catchment (Upper Große Ohe) in the Bohemian Forest were analysed. Using time series analysis, we 1) tested the overall and seasonal trends in catchment hydrology, and distinguished the influence of 2a) climate change as a cross-scale factor from 2b) forest disturbance acting on a catchment scale.
MATERIALS AND METHODS Catchments characteristics
The study area comprised the Große Ohe (GO; gauging station Schönberg, Germany) and Upper Vydra (UV; gauging station Modrava, Czech Republic) catchments, which drain the southern and northern slopes of the Bohemian massif, respectively ( Fig. 1 , Table 1 ).
The mountain range represents a hydrological divide between the North and Black seas as well as a meteorological divide between continental high pressure and Atlantic low pressure zones. The regional climate is characterized by high precipitation with a high percentage of snow. On the summits, total annual precipitation amounts to 2500 mm yr -1 (Klöcking et al., 2005) , divided almost equally between summer and winter. In the nested Upper Große Ohe catchment (UGO; gauging station Taferlruck, Fig. 1, Table 1 ), the mean annual precipitation lapse rate is 64 mm per 100 m elevation (Klöcking et al., 2005) , but amounts to 100 mm per 100 m elevation on the south-westerly slopes (Beudert and Breit, 2004) . At the Waldhäuser weather station near UGO (940 m a.s.l., Fig. 1 ), the mean annual air temperature over the study period was 6.0°C (±0.7). At the Churáňov weather station near UV (1118 m a.s.l., Fig. 1 ), the mean annual air temperature was 4.7°C (±0.8). Mean temperatures of the winter half-year were -1.1°C (±1.1) at Churáňov and 0.3°C (±1.0) at Waldhäuser. Assuming a mean density of 0.1 g cm³ of freshly fallen snow at Waldhäuser (mean depth of 413±117 cm), then, in water equivalent terms, snow accounted for 58% of total precipitation in the winter half-year (733±160 mm). Similar snowfall conditions can be expected at Churáňov and in UV, whereas, in GO, snowfall, and thus snow water storage, is of minor importance due to its lower elevation. The bedrock in both catchments consists of granite and gneiss, overlain by quaternary sediments, mostly periglacial solifluction deposits and fluviatile sediments (Table 1). Quaternary sediments cover only 17% of bedrock in UV, but 50% in GO.
Fig. 1.
Digital terrain model of the study area with Große Ohe (GO), Upper Große Ohe(UGO) and Upper Vydra (UV) catchments, weather and gauging stations. Abbreviations: C (Precipitation, air temperature), P (Precipitation), Q (Discharge), S (Snow cover). See text for abbreviations of data sources. Note that solid white circles indicate precipitation stations used to calculate UGO catchment precipitation. (1) Compared to UV, GO has a lower mean elevation of 800 m a.s.l., but a much larger altitudinal gradient (1013 m) and a steeper mean slope (8.8°). The nested UGO (19 km²) has a mean elevation of 999 m a.s.l. and the steepest mean slope (11.4°) of the three catchment areas studied. UV spans the top of a gneiss/granite plateau and has a mean elevation of 1134 m a.s.l. The altitudinal gradient is 480 m and the mean slope is 5.8°. Consequently, in UV, the percentage area covered by waterlogged soils (46%) and entic (podsolic cambisols) and developed podsols (47%) is equivalent. In contrast, waterlogged soils cover 25% of GO and UGO. In these areas, podzols comprise 37% and 12% and cambisols, 24% and 60% of the area, respectively.
(2) UV is part of the Šumava National Park (NP Š) and the land cover is dominated by Norway spruce (91%) forests, while UGO is part of the Bavarian Forest National Park (NP BW) and is covered by deciduous and mixed stands (36%, mostly European beech) and coniferous forest stands (63%, mostly Norway spruce). In GO agricultural land comprised 22% of the land cover.
(3) Bark beetle outbreak and windfall has caused the greatest changes in land cover in UV and UGO. By 2011, tree die-off affected 55% and 56% of these catchments, respectively. In contrast, disturbances were of minor importance in GO (<15%) due to different vegetation cover, land use and management.
The intra-annual runoff distribution was very similar in all catchments (Fig. 2, left) and followed a pluvial to pluvio-nival regime with maximum runoff yields in the meteorological spring. This period contributed 38%, 41% and 44% to annual runoff in GO, UV and UGO respectively. In UV and UGO, elevated spring runoff occurred during the whole period while in GO, it occurred in March and April only. In UV and UGO, small contributions of less than 8% runoff per month were recorded from June to February, without any clear attribution to season or month. In contrast, GO showed medium runoff contributions from November to February.
Flow duration relationships revealed the same curvature in UV and GO (Fig. 2, right 
Data sources
Precipitation stations (P, Figure 1 ) in Šumava (run by the Czech Hydrometeorological Institute, CHMI) are located between 763 and 1118 m a.s.l., while Bavarian stations (run by the German Weather Service, DWD, and NP BW) span an altitudinal range from 699 m to 1446 m a.s.l. (Großer Arber). These weather stations, most of which are outside the study area, were selected on the basis of their proximity, similar elevation, duration of weather data records and data reliability. In UGO, records of monthly total precipitation (operated by Bavarian State Institute of Forestry, LWF) were used to calculate mean catchment precipitation (Klöcking et al., 2005) . The recording locations spanned an altitudinal range of 770 m to 1360 m a.s.l. Climate stations (C; Fig. 1 ) measuring temperature and precipitation (including snow cover) ranged in altitude from 759 to 1446 m a.s.l. and represented all positions along the slope from the valley bottom to the summit. Discharge data were obtained from the Czech Hydrometeorological Institute (CHMI) and the Bavarian Hydrological Service (GKD). 
Data processing and statistics
Daily data from official weather services were adopted without modification. Reliability of discharge data was tested using double mass curve analysis and Pettitt test (Project team ECA&D, 2013) using R 3.1.3 (www.r-project.org). None of the tests revealed significant (p ≤ 0.05) inhomogeneity.
Seasonal (monthly to annual) percentiles (P10-P90) of 10%-90% (low to high flow) were calculated from daily means for every year. The percentiles reflect combined effects of meteorological variations and other causal factors. In a second approach, seasonal runoff percentiles were divided by the respective seasonal median runoff (Archer and Newson, 2002) to derive relative percentiles. The aim of obtaining multiples of median runoff was to decouple runoff from the annual variation in precipitation to determine whether discharge variability over time was due to warming or changes in vegetation cover. For example, an increase in relative low flows may simply be due to decreasing runoff and unaltered low flows, or due to increasing low flows while seasonal runoff remains constant.
Trend statistics (see below) were performed for monthly, seasonal and annual runoff yields, and for percentiles and relative percentiles to detect changes in runoff and in absolute, and relative low (P10-P30) and relative high (P70-P90) flows. The total change over the study period (mm = mm yr -1 33 yr) was added when rates of change were small but of hydrological significance.
An a priori test for autocorrelation ("acf" package) using R 3.1.3 (www.r-project.org) resulted in a weak correlation at a lag of 7 in very few data sets only. The non-parametric MannKendall test (Hirsch et al., 1982) was applied to all meteorological and hydrological data sets to detect monotonic trends. SEN's nonparametric method (Gilbert, 1987) was used to calculate the slope of linear trends. Both tests are combined in the MAKESENS EXCEL-template (Määttä et al., 2002) .
The annual runoff coefficient was calculated by relating runoff to catchment precipitation (%) to obtain a runoff measure which accounts for variability in climate. The "segmented regression with breakpoint" procedure (SegReg, Oosterbaan, 1994, Snedecor and Cochran, 1980 , www.waterlog.info) was used to detect changes in the annual runoff coefficient over time. The breakpoint was verified with the Mann-Whitney-Pettitt test using ANKLIM (Stepánek, 2008) and the standard normal homogeneity, Pettitt and Buishand range test functions (Project team ECA&D, 2013) using R 3.1.3 (www.r-project.org). SegReg partitions an independent variable (time) into two intervals and calculates separate line segments for each interval. The two segments may contain horizontal lines as well as upward and downward sloping line segments to either side of the breakpoint. Differences in mean values before and after the breakpoint were tested using a two sample t-test (Wessa, 2014) .
RESULTS

Trends in runoff frequency, magnitude and seasonal distribution
Over the study period from 1978 to 2011 Annual runoff yields changed by +2.2 mm yr -1 (+8%) in UGO and -1.5 mm yr -1 in GO (-8%). These changes were caused by significant quantitative changes in runoff in March in UGO (+2.2 mm yr -1 , +118%) and May in GO (-1.5 mm yr -1 , -46%). Runoff changes in UV were very small (-1.0 mm yr -1 , -3%) arising from a decrease in summer (May) and increase in winter (March and April) of similar size.
Neither in UGO nor in GO was there evidence of a significant trend in annual runoff percentiles (Fig. 3) . In UV, annual values for low (P10) to medium flow (P60) decreased by 0.4 to 0.5 mm from 1978 to 2011. Low flows demonstrated the strongest statistical (p ≤ 0.01) and hydrological significance (-27%, Fig. 3 ). The increase in high discharges partly compensated for the decrease in low discharges, although this was not significant due to high variability. An increase in high flow in the hydrological winter half-year was found in all catchments, but was only significant in UV (Fig. 3) . This increase occurred mainly in March, exhibiting an total increase in high flow of 3.9, 3.6 and 6.1 mm in UV, GO and UGO respectively, whereby, in UV, an increase in high flow of 3.9 mm was also recorded in April. The increase in late winter discharge was followed by a decrease in discharge in the summer season, which was particularly marked in May, with slightly significant changes at least over the whole range of discharge percentiles in both UGO and GO and likewise in UV. Trend analysis of relative annual runoff percentiles (multiples of median) revealed a diverging tendency towards higher variability in UV (Fig. 4) . The winter half-year was characterized by statistically significant increases in P80 and P90 in UV. In March, relative high flows (P60-P90) increased in all catchments; the higher the percentile, the larger the slope. In April, relative low flows (P10-P30) decreased significantly in UV, whereas relative high flows (P60-P90) decreased significantly in UGO.
In May, relative low flows increased at all stations; in UV relative high flows increased as well. Significant decreases in relative high flows in the hydrological summer half-year were found in UGO only.
Overall, reduced variability in discharge in UGO resulted from decreasing relative high flows and increasing relative low flows during summer. Similar, though mostly insignificant, changes were also observed in GO. In contrast, in UV a diverging pattern of rising high flows in winter with no change in summer was found.
Trends in precipitation
Annual precipitation increased (p>0.05) at all Bohemian stations with the highest increments at Kvilda (4.8 mm yr -1 ) and Špičák (6.6 mm yr -1 ). At Bavarian stations, annual precipitation decreased slightly or remained unchanged (Table 2) . At most stations, these changes were the net result of increasing summer precipitation and decreasing winter precipitation. Precipitation decreased in the first half of the winter and increased in the second half. The resulting decrease in winter precipitation was insignificant at most stations. Yet, at all stations, an increase in summer precipitation was found, which resulted from increases in the first half of the summer and no change between August and October. Overall, changes in precipitation yields at Bavarian and Bohemian stations were similar. Yet, the higher increases in summer and equal decreases in winter generated small increases in annual precipitation at Bohemian stations, whereas at Bavarian stations, including UGO (1980 UGO ( -2011 , small decreases prevailed. The direction in precipitation trends was independent of elevation and relative slope position (valley, slope, summit), while their magnitude was influenced by sitespecific conditions. Further, precipitation intensities examined at Churáňov and Waldhäuser did not change significantly.
Trends in air temperature
Annual mean temperatures increased significantly, ranging from 0.4 (Lenora) to 0.5 K yr -1 (Waldhäuser and Churáňov); the rates of increase were similar in winter and summer halfyears. Mean air temperature did not change in March, September, October or December at any station, whereas moderate (insignificant) increases of up to 0.07 K yr -1 occurred in January, February and November (Fig. 5, left) . From May to July (August), significant increasing trends were found at all stations, in most cases ranging from 0.04 to 0.08 K yr -1 . Warming was greatest in April, with highly significant trends between 0.10 and 0.12 K yr -1 . Thus mean April temperatures increased by at least 3.5 K over 33 years at all sites.
By including the stations Klingenbrunn Bhf. (759 m a.s.l) and Großer Arber (1446 m a.s.l.) in the Bavarian Forest, the extended temperature database (1983-2011) covered the whole altitudinal range of the study area. Plotting temperature trends against altitude (Fig. 5, right) clearly showed that February and April trends (significant) as well as June trends (significant) were independent of altitude. Moreover, relative slope position did not influence temperature trends.
Land cover changes
Bark beetle outbreaks and tree die-off occurred in two major waves in UGO (Fig. 6) . The first wave (1994) (1995) (1996) (1997) (1998) (1999) (2000) seriously affected Norway spruce stands over 36% of the area. During the second wave (2005) (2006) (2007) (2008) (2009) , die-off in another 16% of the catchment area resulted in a loss of mature Norway spruce stands. A total 58% of the mature Norway spruce stands in the catchment was lost over the period 1989 to 2011. In UV, die-off in Norway spruce was first recorded in 2003 and was found on 21 % of the catchment area, 3.6% of which was salvage-logged. At this time, the extent of die-off in UV was clearly less than in UGO (39%). By the time continuous monitoring began in 2006, the disturbed area had reached 25% of the catchment area. Dead trees were left on 14%, and harvested on 11% of the catchment. The most severe bark beetle outbreak was recorded between 2008 and 2011, and followed severe windfall over large areas of the catchment caused by the storm Kyrill. By 2011 the disturbed area had reached 54% of the catchment. Apart from these forest cover changes, no other changes in land cover occurred in the UGO and GO.
In summary, the percentage disturbed area in UV and UGO was similar, yet differed in the occurrence and extent of salvage logging and in the progression and timing of disturbances.
Case study Upper Große Ohe catchment: runoff response to forest disturbance
From 1980 to 2011, precipitation in UGO was constant as examined by trend analysis and breakpoint analysis (Fig. 7,  right ). Yet, the runoff coefficient varied between 52% and 76% (Fig. 7, left) . There was a significant breakpoint (p < 0.03) in the time series separating a first period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) from a second period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Regression lines for both periods were horizontal. The mean values differed significantly (p < 0.003) between the before-breakpoint period (59%±5%) and the after-breakpoint period (65%±5%). After the breakpoint, mean precipitation and runoff was 52 mm y -1 (3%, p < 0.29) and 123 mm y -1 (13%, p < 0.06) higher than before (Fig. 7,  right) . Therefore, the mean catchment balance, which approximated the mean evapotranspiration in the longer term, was 72 mm lower (11%, p < 0.02) than before. The breakpoint found coincided with about 30% of the cumulative area of Norway spruce stands recorded killed by bark beetle in the catchment area in 1999 (Fig. 6) .
DISCUSSION
On an annual time scale, runoff yield decreased slightly in GO (-1.5 mm yr -1 ) and UV (-1.0 mm yr -1 ) due to a decrease in summer runoff. This does not conflict with slightly increased precipitation yields during summer at most stations (Table 2) , since significantly increased air temperatures (Fig. 5) probably have increased evapotranspiration. In UGO, however, annual runoff increased by 2.3 mm yr -1 , probably due to the large-scale Norway spruce die-off caused by bark beetle. Those trees killed lost all needles within the first few months followed by their twigs within a few years. This reduced to a minimum their interception and transpiration surface, and hence evapotranspiration from the stand (Anderegg et al., 2012) , while enhancing the precipitation yields on the ground. For UV, the picture of decreasing runoff is contradictory given the large-scale change in land cover caused by storms and bark beetle (Fig. 6) . Indeed, runoff in UGO increased, but not significantly, even though disturbances of similar size occurred much earlier. (Oosterbaan, 1994) and confirmed by independent procedures. Right: Mean values (± standard deviation) of precipitation P, runoff R and catchment balance B for the before and after breakpoint period and their differences (mm yr -1 ).
Runoff response to forest disturbance
For UGO, a breakpoint analysis of the runoff coefficient demonstrated that the hydrological cycle had altered significantly by 1999 when the loss of tree cover reached 30% of catchment area (Fig. 6 ). After this breakpoint, the mean runoff coefficient increased by 6% of catchment precipitation (p < 0.003) and evapotranspiration was 72 mm yr -1 lower (11%, p < 0.02) than before (Fig. 7) . Two small nested headwater catchments in UGO experienced a larger rise in runoff ratio (Beudert et al. 2007 ) once loss of tree cover exceeded 25% of the catchment area. This suggests the damping of disturbance signals on a larger scale (Blöschl et al., 2007) . In a review, Adams et al. (2012) hypothesized a significant decrease in catchment evapotranspiration once absolute canopy cover loss from die-off exceeded 20%, and annual precipitation about 500 mm. The persistence of decreased evapotranspiration in UGO until now might be due to the bimodal die-off dynamics (Fig.  6) . In stands killed during the first die-off wave, dense and fastgrowing stand regeneration was increasingly able to compensate for diminished evapotranspiration losses due to mature tree mortality (Brown et al., 2014) . Almost a decade later, this recovery was impacted by the second wave of die-off, which hampered a rapid comeback of catchment evapotranspiration to pre-disturbance level. Based on these findings and ignoring scale effects, disturbances may not have been rapid enough in UGO, and too late in UV to generate significant trends in runoff yields up to now.
High flow in late winter and early spring
Annual flow measures did not change in UGO, whereas, in UV, low to medium flows (P10 to P60) decreased significantly (Fig. 3) . High flows (P80, P90) increased in March in all catchments (p < 0.05), and in April in UV only (Fig. 3) .Relative high flows (P60-P90, Fig. 4 ) and runoff yields increased in all catchments in March. These hydrological changes were not caused by altered precipitation during winter, which decreased slightly (Table 2) . In contrast, all flow measures decreased in May and June in all catchments (not significantly), while precipitation yields increased slightly ( Table 2) .
The more pronounced flow trends in UGO compared to small changes in GO direct the discussion to land cover changes which, compared to conditions of complete tree canopy, enhanced the energy and water yields on ground surface and understory. Norway spruce killed by bark beetle shed needles within one year after infestation and fine woody debris within a few years, causing decreases in leaf area and whole plant surface area. The loss of live trees caused changes in the interception and storage of snow in the tree canopy and its accumulation on ground (Boon, 2007; Redding et al., 2008) . Since winter precipitation yields decreased slightly, (I) water storage in snow cover must increase, (II) snow melt must be more rapid or (III) have shifted -or more than one of the above simultaneously -to cause increased high flows in late winter and early spring.
(I) Compared to stands with undiminished canopy cover, snow retention on, and losses from stand surfaces via sublimation and wind drift are reduced, so that snowfall to the ground is higher and the water equivalent of snow cover also greater (Boon, 2007; Musselmann et al., 2008; Pugh and Gordon, 2012) . During the first years after complete die-off, maximum snow water storage on Norway spruce plots in UGO increased by about 100 mm throughout the elevation range (Beudert, 2014, personal communication) . Because snow accumulation on the ground is inversely related to canopy density (Gary and Troendle, 1982) , enhanced snow storage persists during the snagfall period until the growth rate of understorey and young trees accelerates and closes canopy cover. Due to the spatial spread of dead Norway spruce stands over 15 years in UGO (Fig. 6) , a mosaic of areas with different snow accumulation characteristics probably diminished the increasing effect of bark beetle infestations on mean catchment snow water equivalent. For GO, vegetation cover changes in UGO were too small (Table 1 ) to induce detectable hydrological responses. However, UV should be subject to increases in snow water storage due to accelerated vegetation cover changes since 2008 (Fig. 6 ). In addition, unmanaged disturbed stands accumulate much less snow than cleared stands (Boon, 2007; Redding et al., 2008) , which comprise 11% of UV. This might partly explain the more pronounced high flow trends in March and April (Fig. 3) .
(II) Compared to stands with undiminished canopy cover, transmission is largely increased in stands killed by bark beetle (Boon, 2009; Pugh and Small, 2012) , thereby increasing the energy input for snow ablation. Ablation rates are reported to increase, whereas snow cover was one to two weeks longer due to greater snow accumulation (Molotch et al., 2009) . Studies in British Columbia revealed only slightly higher ablation rates in dead stands compared to live stands (Boon, 2012) , while snow storage equalled clear-cut areas, resulting in a lengthened snow cover period. Similarly, Pugh and Small (2012) found higher melting rates in fully defoliated stands compared to live stands in high elevation forests in Colorado and, depending on meteorological conditions, advanced snow depletion days as well. In each case study, presence, absence or the amount of needle, branch and bark litter covering the snow layer played an important role in melt dynamics by changing the surface albedo (Melloh et al., 2001; Winkler et al., 2010) . The albedo effects last only a few years after infestation, for as long as needles and fine woody debris are shed from dead trees. This restricts marked hydrological consequences to a small number of post-infestation years provided that extended tree die-off occurred within a narrow time frame of a few years. During the snagfall period, snow cover albedo approximates open site conditions as long as the succeeding ground vegetation regrowth is minimal. Since the high flow trends in our study sites point to earlier rather than delayed ablation, bark beetle-induced land cover changes are very probably not responsible for altered hydrological conditions in GO. In UV, 11% of clear-cut area could play a special role as it combines higher snow yields and higher ablation rates by incoming radiation compared to unmanaged dead stands, resulting in an earlier removal of a thicker snowpack. However, areas with delayed ablation should override areas with opposite characteristics in UV, for which restoration effects on snow pack dynamics in peat bogs remain unresolved.
(III) Early spring warming was most pronounced in April (~+4 K) throughout the study region (Fig. 5) , pointing to altered melting dynamics of snow. Indeed, by 2011, snow cover period ended significantly earlier by at least 25 days than in 1978 (Fig. 8) . The end of snow melt ranged from the beginning/middle of May to the beginning/middle of April depending on altitude. Consequently, water in snow pack was mobilized more than three weeks earlier, causing increases in runoff yields, while high flows remained constant (Fig. 3) . In UGO, this resulted in significant negative trends in relative high flows in April (Fig. 4) since most snow had already melted by the end of March in most years.
In UV however, snow melt and runoff response continued until April, probably because the mean altitude (1134 m a.s.l) was higher than GO and UGO. Despite equal warming trends (Fig. 5) , lower air temperatures and more frequent negative night-time temperatures retard snow melt. Nevertheless, decreased high flows and increased relative high flows in May arising from reduced runoff yields prove that most of snow water in UV was lost by the end of April.
Assuming that the beginning of the snow cover period, the maximum snow water equivalents and the onset of springtime snowmelt did not change significantly, this shift in final snow melt alone implies a more intensified activation of water (Mollini et al., 2011) . However, it can be assumed that temperature increases in February of 0.5 to 0.7 K yr -1 (Fig. 5) , albeit not significant, exerted an initial overall mobilizing effect on snowpack, resulting in increasing absolute and relative high flows in March (and April in UV).
Earlier snow melt and increased late winter/early spring runoff have been reported for streams dominated or markedly influenced by snow across the northern hemisphere, i.e. in western United States (Maurer et al., 2007; McCabe and Clark, 2005; Stewart et al., 2005) , Scandinavia and Central Europe (Fiala et al 2010; Renner and Bernhofer, 2011; Stahl et al., 2010) . At present, of the hemispheric climate change effects in the most accepted scenarios (IPCC 2013), late winter and early spring warming is hydrologically much more important than increasing precipitation. Direct and indirect effects of land cover change by bark beetle, storm and restoration on snowpack dynamics seem to be in balance and have a minor impact on flooding during winter.
Low flow in summertime
Negative trends have been reported for low flows in summer and autumn in some parts of the northern hemisphere (Birsan et al., 2005; Chang et al., 2012; Stahl et al., 2010 ). Yet opposite trends are evident as well in Great Britain (Dixon et al., 2006) and Northern Scandinavia (Wilson et al., 2010) , for example, where precipitation in summer has increased.
In the study catchments (Fig. 4) , there was no significant decrease in relative low flows in any of the summer months. Small absolute decreases in low flows in May were caused by earlier snow melt and do not reflect drier weather conditions. This is in line with slightly increased precipitation yields in summer at all stations (Table 2) . However, air temperatures increased markedly, and mostly significantly, in all months from May to August (Fig. 5) , enhancing potential evapotranspiration. Nevertheless, relative low flows increased significantly in September and October (GO) and in August (UGO). This may be related to the tree cover loss since evapotranspiration is the most important biophysical process affected negatively by tree die-off (Anderegg et al., 2012) . As winter precipitation yields did not decrease, groundwater control on low flows in summer did not change. The widespread die-off of mature Norway spruce stands, however, markedly reduced the transpiration demand and diminished the overall water loss from above-ground surfaces. Consequently, during summer, increased seepage water fluxes and groundwater recharge enabled unaltered, or even higher low flows (Bearup et al., 2014) .
CONCLUSIONS
In forested landscapes, climate change can exert various direct (esp. precipitation, temperature) and indirect effects (favouring pests, impairing trees), virtually all of which have an impact on the hydrological cycle. In the Bohemian Forest, and in both national parks especially, extended forest cover changes by storm and bark beetle outbreaks over the last 25 years should have altered runoff generation processes and yields by diminishing evapotranspiration and changing snow cover dynamics, thereby confounding direct climate change effects. The hydrological analysis of the three catchments in the Bohemian Forest revealed small changes in precipitation and small changes in annual runoff yields in UV (-3%), GO (-8%) and UGO (+8%). In UGO, mean catchment balance decreased significantly by 72 mm yr -1 (11%) when the loss of tree cover reached 30% of catchment area. In addition, low flow measures significantly increased in August (UGO) and September (GO), while runoff yields did not change. This underpins the importance of diminished evapotranspiration from severely disturbed stands, which enable increased groundwater recharge during summer. The public and private drinking water supply, an important ecosystem service, currently benefits from largescale disturbances, especially in autumn, as long as stand regeneration is likely to consume less water than a mature stand. However, how long hydrological disturbance effects will persist still needs to be clarified (Adams et al., 2012) and should be the subject of future regional investigations.
In contrast, the overall warming in February (+1.8°C) and April (+4°C) accelerated snow melt and significantly increased runoff and high flows in March in all catchments irrespective of size, land cover or land cover changes. Moreover, other changes in high flows could not be found even in the severely affected catchments UV and UGO.
Thus, given the results of this study and scientific information from comparable landscapes, an assignment of intensified high flows to forest disturbance or to neglecting salvage logging measures was not found. Nevertheless, further research on increasing winter precipitation, which IPCC (2013) predicts, is required, as it may accelerate the ongoing temperature-driven increases in winter high flows and aggravate the flooding risks at larger scales in lowlands.
